SUMMARY
Changes from resting levels in total electromechanical systole and LVET corrected for heart rate (Q2c, LVET() 30 group; although by itself neither change of stroke volume was significant, the difference between them was. The LVETe shortened insignificantly in the normal subjects but lengthened significantly (P < 0.001) in the angina patients.
Thirty seconds after the exercise ended, the seven patients with nonanginal chest pain had an insignificant mean prolongation in the LVETC of 4.7 ± 1.7 msec, a response differing significantly (P< 0.001) from that of the 20 angina patients but not from that of the 20 normal subjects.
In the group of 12 patients with heart failure due to primary myocardial disease, the resting preexercise measurements were: heart rate, 88 ± 4.1 beats/min; arterial pressure, 119+4.1/78+2.4 mm Hg; Q2(0 551+4.5 msec; LVETC, 381 + 5.2 msec; and preejection period, 134 + 7.0 msec. Thirty seconds after the exercise ended, they had increases in heart rate of 33+4.2 beats/min (P < 0.001) and in arterial pressure of 31 ± 3.8/10 ± 3.3 mm Hg (P < 0.001/P < 0.02). At the same time, the preejection period decreased 39 + 5.5 msec (P < 0.001), the Q2c was prolonged 8.0 ± 7.3 msec, which was not significant, and the LVETC lengthened 32 + 3.5 msec (P < 0.001). These responses of the preejection period, Q2c. and LVETC differed significantly (P < 0D05, P < 0.001, and P < 0.001, respectively) from those of the normal group. In contrast to their responses of the preejection period and Q2c. which failed to differ significantly from those of the angina group, the lengthening of the LVETe in the patients with myocardial disease was even greater (P < 0.05) than that of the angina group.
Discussion
At rest, the angina group had a preejection period 10 msec longer and an LVETC 14 volume, in adrenergic stimulation of the myocardium, or in both. Confirmation and a precise definition of the role of these factors must await direct measurements of left ventricular pressures and volumes.
As previous studies in animals21 22 and man2' [23] [24] [25] have shown, if heart rate is kept constant or if its effects are corrected for by a regression formula, the left ventricular ejection time varies directly with venous return, stroke volume, or cardiac output and with afterload, and inversely with myocardial inotropy. The duration of the LVETC is determined by the admixture of these factors. Although the augmentation of venous return and cardiac output by exercise tends to prolong the LVETC, the positive inotropic effects of exercise, which increase the velocity of myocardial fiber shortening,9' 26 tend to abbreviate it. Because these two opposite effects of exercise are nearly balanced, the LVETC of normal subjects remains unchanged after exercise or even shortens slightly. In contrast, a striking and distinctive abnormality found in the patients with angina is the marked prolongation of their LVETC immediately after exercise. This lengthening of the LVETC occurred even though their cardiac output increased less than that of the normal controls, and their stroke volume, which rose in the normal subjects, fell. Neither arterial pressure nor its exercise-induced elevation was correlated significantly with the lengthening of the LVETC in the angina patients. Despite this failure to demonstrate that arterial pressure, by itself, is causally related to the prolongation of the LVETC in the angina patients, we believe that an abnormally great afterload does contribute, in part, to this prolongation. Identical increases of systolic arterial pressure may affect the duration of left ventricular ejection differently among various individuals. For example, owing to the Laplace relation, a given systolic pressure would impose a bigger afterload,27 28 and hence a greater lengthening of the ejection period relative to stroke output,25 in the ventricle that has a larger volume. Moreover, for expressing the contribution of pressure to the average or total afterload of the left ventricle, peak systolic arterial pressure, the measurement that we obtained, would be less accurate than mean systolic aortic pressure.
In the present study, the same exercise test prolonged the LVETC markedly in all 12 patients with congestive heart failure due to primary myocardial disease. This finding supports the concept that the primary cause for the marked prolongation of the LVETC after mild or moderate exercise in patients with ischemic heart disease is an impairment in left ventricular performance. This impairment could reflect the appearance in the ischemic left ventricle, under the stress of exercise, of a generalized reduction in myocardial contractility, of localized asynergy,29' 3 or of both.
The lengthening of the LVETQ by exercise is not caused by, but rather precedes the onset of, angina pain. Nearly the same lengthening occurred after the 2-min exercise test, without pain, as after the 4-min test, with pain ( fig. 3) . By increasing myocardial oxygen requirements, this prolongation of left ventricular ejection relative to heart rate, stroke volume, and aortic pressure may contribute to the development of angina.31
Exercise markedly shortens the Q2e, or total electromechanical systole corrected for heart rate, in normal subjects but not in patients either with angina or with heart failure due to primary myocardial disease. Positive inotropic interventions, such as the administration of isoproterenol, epinephrine, tyramine, calcium, and the cardiac glycosides increase the maximal shortening velocity of the isolated cat papillary muscle26 32 and shorten total electromechanical systole in man.2 5 3 3 Likewise, it is probably through its positive inotropic effects9 that rhythmic exercise abbreviates total electromechanical systole in normal subjects. The failure of the Q2. to shorten after exercise in patients with either angina or primary myocardial disease may reflect the ischemic or failing heart's inability to translate the inotropic stimuli of exercise into a normal heightening of overall left ventricular performance. As shown previously20' 35 and reconfirmed here ( fig. 4) , the enhancement of the mean rate of left ventricular ejection by rhythmic exercise is markedly depressed or absent in patients with ischemic heart disease. Because the ejection rate in these patients responds poorly, their need for an increased cardiac output during exercise must be met, in part, by a prolongation of left ventricular ejection. In patients with angina, as in those with heart failure due to myocardial disease, this abnormal lengthening of the ejection phase appears to offset and conceal the shortening effects of rhythmic exercise on total electromechanical systole.
Interpretation of changes in the LVET and QS.2 intervals requires a correction for the effects of heart rate. Using data from supine normal adults at rest, Weissler and associates6 derived linear regression equations that relate heart rate on the abscissa to duration of the systolic time intervals on the ordinate. The difference between the observed LVET or QS2 interval and that predicted for the observed heart rate from the normal regression equation equals the difference between the LVETe or Q,( and the intercept of the mean regression line with the ordinate (0 heart rate). A change in LVETQ or Q2e, therefore, equals a change in the observed time interval relative to the mean regression line for heart rate. Relative to the normal regression lines for heart rate at rest, exercise lengthens the LVET markedly in patients with angina or myocardial disease but not in normal subjects and, conversely, shortens the QS2 markedly in normal subjects but not in those with angina or myocardial disease. Viewed another way, in the present range of heart rates, exercise raises the LVET regression line for heart rate in patients with angina and myocardial disease but not in normal subjects, and lowers the QS2 interval regression line for heart rate in normal subjects but not in patients with angina or myocardial disease. These changes in the LVET and QS-2 interval relative to the normal regression lines for heart rate, reflect the effects of exercise on ventricular filling, Circulation, Volume XLIII, February 1971 afterload, contractility, or synchrony of contraction, singly or in combination.
One must distinguish clearly between the systolic time intervals at rest and their responses to exercise. In patients with myocardial dysfunction, whether associated with angina or with heart failure due to primary myocardial disease, both kinds of measurements deviate from the normal, but in opposite directions. Although February 1971 Normal subjects and patients with ventricular failure6 or ischemia overlap considerably in the resting levels of their systolic time intervals. The sensitivity and precision of the systolic time intervals in differentiating be. tween patients with normal and abnornal left ventricular function may be increased by determination of the responses of these intervals to a standard exercise test.
The present exercise test is a valuable adjunct in the diagnosis of angina pectoris. Because the marked prolongation of the LVETC after exercise reflects left ventricular dysfunction, it has not been found either in normal subjects or in persons with normal hearts and nonanginal chest pain. The present results suggest that shortening the exercise to 2 min or less may prevent the appearance of anginal pain, without diminishing the diagnostic sensitivity of the systolic temporal responses. The diagnostic and investigative uses of this simple, sensitive, and noninvasive test of left ventricular performance during exercise warrant further study.
